Abstract -Despite the increasing economic impact of fat-filled dairy powders, their manufacture is still empirical. The aim of the study was to understand the mechanisms responsible for fat supramolecular structure in such a dry matrix. For the purpose, emulsions were obtained under controlled manufacturing conditions. Then, they were dried under different inlet air temperatures, leading to different drying kinetics. Fat droplet size was determined in both emulsions and powders. Free fat and surface fat were assessed to characterize fat in the resulting powders. Confocal laser scanning microscopy was used to characterize fat supramolecular structure in situ in the powder particles. Results showed that fat supramolecular structure in fat-filled dairy powders was connected with drying air temperatures, not necessarily with drying kinetics. Inlet air temperature and consequently temperature of the drying droplet had the most significant influence. Such a study considering drying air temperatures and kinetics is essential in elucidating the mechanisms of free fat formation and the presence of fat at the surface of powder particles. Mechanisms underlying fat supramolecular structure in fat-filled dairy powders are proposed: They can be used as a tool to adjust spray-drying air temperatures and kinetics.
INTRODUCTION
Fat supramolecular structure largely determines the quality of fat-filled dairy powders. Given the growing economic and scientific interest for fat-filled powders, it is essential to understand the mechanisms underlying the formation of fat supramolecular structure in fat-filled dairy powders. Fat supramolecular structure includes both fat location (inner or at the surface of powder particles) and fat arrangement (free or globular and droplet size). Fat-filled dairy powders represent a wide range of products such as whole milk powder, cream powder, whey derivates and dairy ingredients enriched with milk fat and mainly with vegetable oils. Their diversified applications require a number of specific physical properties. The literature was first focused on the free fat content and its negative effects on powder physical properties, such as rehydration, flowability and oxidation stability [5, 7, 14, 18] . Conversely, in the case of chocolate processing, a high free fat content is required to lower the viscosity of the mass [2, 19, 27] . The investigation of the surface composition was recently achieved by Fäldt et al. [11] , who adapted X-ray photoelectron spectroscopy (XPS) to the study of dairy powders. Since then, the technique has been largely used and the surface composition was related to powder physical properties such as wettability, flowability and stickiness [13, 18, 25, 30, 31, 39] . Few studies considered the influ e n c eo ff a t droplet size and the measurement method was either laser light scattering [15, 18, 29, 39] or, more arguably, image analysis of phase-contrast light micrographs [12, 21] .
However, a few studies focused on the mechanisms of the formation of fat supramolecular structure within powder particles. This can be studied by varying the drying kinetics, i.e. using drying air temperatures. The postulate is that it would affect the rate of formation of a dry crust or skin at the surface of the drying droplet, and subsequently, the distribution of components (including surface fat) and the possible release of free fat. Several studies showed that higher inlet air temperatures led to a smaller free fat content in the powder or to a better retention in the case of volatile compounds [3, 7, 17] .
However, contradictory results were found by Sloth Hansen [34] and no effect was observed by Tamsma et al. [35] with low inlet air temperatures. More recently, Kim et al. [23] [24] [25] published an interesting series of three papers on the mechanisms of surface development in powder particles. They showed that the surface composition of milk powders was largely determined during the spray-drying process and that less redistribution of fat and protein occurred at the surface for high drying air temperature. However, the authors did not mention the considerable energetic losses that are usually observed in spray-driers at the pilot scale [41] . Consequently, the inlet air temperature considered by the authors, measured after the air heater, was probably overestimated and drying droplets underwent lower drying conditions.
The literature review showed that further investigations would be useful about the mechanisms of the formation of fat supramolecular structure in a fat-filled dairy powder. The aims of this study were (i) to investigate fat supramolecular structure in a fat-filled dairy powder manufactured under controlled conditions, in relation to spraydrying parameters and (ii) to propose the possible mechanisms responsible for the structure of fat.
The experiments were performed in a pilot-scale spray-drier that was more flexible to produce small quantities of samples with different drying parameters. Moreover, we did not want to test the physical properties of these powders, thus the granulation step was not required. From our previous study, a formulation was selected to stand below the saturation zone for the formation of free fat and surface fat, and thus, to highlight differences between the samples [38] . If not, these fat supramolecular structures would have reached their maximum values and interpretation would have been difficult. In the present work, amorphous lactose was preferred to crystallized lactose in order to avoid the presence of lactose crystals before drying, which are widely known to promote free fat [1, 10, 26] .
MATERIALS AND METHODS

Materials
Sunflower oil was "Coeur de tournesol", a commercial product of Lesieur (Asnières-sur-Seine, France). Ultra low-heat skim milk powder was obtained as described in Schuck et al. [33] . Edible lactose was purchased from LACTOSERUM-France (Baleycourt, France).
Petroleum ether (40-60°C boiling point) of analytical grade was obtained from Carlo Erba Reagents (Val-de-Reuil, France). Ethylenediamine tetraacetic acid (EDTA) and sodium dodecyl sulfate (SDS) were purchased from VWR-Prolabo (Fontenaysous-Bois, France). Nile blue chloride and Fast Green FCF were obtained from Sigma-Aldrich (St. Louis, USA), and polyethylene glycol of molecular weight 200 (PEG 200) was obtained from Fluka (Fluka-Sigma-Aldrich, St. Louis, USA).
Methods
Methods are summarized hereinafter when identical to those previously detailed elsewhere [37, 39] . Sampling was realized after (i) homogenization, (ii) spray atomization (i.e. after flowing through the spray nozzle) and (iii) spray-drying. . Inlet air humidity was controlled and adjusted by a Munters dehumidifier, M210 type (Munters Europe AB, Sollentuna, Sweden) at 1 g·kg −1 of water in dry air. The inlet and outlet air temperatures (T inlet and T outlet ) were selected after preliminary experiments, in order to have two feeding rates and six air temperature intervals within the spray-drying chamber (∆T air ). The theoretical wet-bulb temperature of the drying droplet (T droplet ) was calculated from the T inlet and the enthalpic diagram for an absolute humidity of 1 g·kg −1 of water in dry air. The drying droplet temperature interval within the spray-drying chamber (∆T droplet ) was the difference between T outlet and T droplet . The relative drying kinetic (RDK) was calculated as follows (%):
Áð 1Þ Table I summarizes the experimental and calculated parameters. The maximum ∆T droplet is 60°C, which corresponds to an RDK of 100% in our experiments.
There was no replication of the powder production trials: the process was assumed to be controlled, referring to preliminary experiments.
Free fat quantification in powders
Free fat was recovered after two successive solvent extractions with petroleum ether. 
2 Theoretical wet temperature of the drying droplet, calculated from the enthalpic diagram for an absolute humidity of 1 g·kg −1 of water in dry air.
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Elemental surface composition determination in powders
The elemental surface composition of the powders (analysis depth < 10 nm) was measured by XPS. The instrument and the parameters used for analysis and processing have been described in a previous paper by Gaiani et al. [13] . The elemental composition of the pure components was estimated by XPS. The values used in the calculations were (in atomic concentration %): sunflower oil -C 90. 
Fat droplet size measurements in emulsions and rehydrated powders
Size distributions of fat droplets were obtained from laser light scattering measurements. Then, the volume-weighted average diameter of fat droplets (d 43 )w a s calculated by the software as follows:
where n i is the particle number of average diameter d i . d(0.9) was the 90th percentile of volume-weighted diameters, i.e. 90% of the volume of fat droplets had a diameter below this value. EDTA and SDS were used to dissociate casein micelles and bridged-flocculated fat droplets (by displacing protein from the interface), respectively.
Microstructural observation of the powders
In situ microstructural analysis of powder particles was performed by confocal laser scanning microscopy (CLSM) using a Zeiss LSM 510 META upright confocal microscope (Carl Zeiss, Germany). Nile blue chloride and Fast Green FCF fluorescent dyes (both at a concentration of 0.1 g·L
in PEG 200) were used to label fat and protein, respectively. Approximately 10 μm of PEG 200 and 2 μm of each dye preparation were added on a concave microscope slide. Then, a few powder particles were added to the mounting medium with the dyes. A 2-h labeling was realized at 4°C to avoid rehydration of the powder particles. Observations were performed with a plan-apochromal 100×/1.4 oil immersion objective. An Argon/2 laser and a He-Ne2 laser operating at excitation wavelengths of 488 and 633 nm were used for Nile blue chloride and Fast Green FCF, respectively. Each micrograph was the average of eight pictures of the sample.
Statistical analysis
Data were statistically analyzed using the R software (version 2.2.0), with the "stats" package (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS AND DISCUSSION
The free fat content decreases with increasing drying air temperatures
The free fat content was quantified in the powders with a solvent extraction method, to test whether spray-drying conditions h a da ni n fluence on it or not. Free fat had been previously defined as non-globular fat or non-encapsulated fat [28, 36] .
All powders included free fat (Tab. I), despite the homogenization step and the low total fat content (100 g·kg −1 in dry matter). It confirmed previous observations for powders manufactured in a higher scale pilot plant (Bionov, France), where free fat contents were in the same order of magnitude [38] . Hence, the Minor™ pilot-scale dryer was a relevant model to study the influence of spray-drying conditions on free fat formation in fat-filled dairy powders.
The free fat content was affected by drying air temperatures, not by drying kinetics. It significantly decreased from 12.8% to 8.8% of the total fat content (−45%) when T inlet , ∆T air and T droplet increased, whatever the feeding rates to the spray-drying chamber (Tab. II). The trend was not significant with T outlet . Consequently, the free fat content was not correlated with ∆T droplet nor with RDK.
Surface fat increases with increasing drying air temperatures and faster kinetics
The surface fat area was obtained in situ at the extreme surface of powder particles, from XPS measurements. Surface composition is expected to depend on spray-drying conditions.
The surface composition was significantly affected by drying air temperatures and kinetics. Results are presented in Table I and statistical effects in Table II .
Fat covered 12-19%, protein 53-58% and lactose 27-29% of the surface area of powder particles. The surface composition of the powder particles was drastically different from their bulk composition. It means that there was a redistribution of fat, protein and lactose during the spraydrying process. Both fat and protein were overrepresented at the surface of powder particles, in comparison with their mass concentration in bulk, in the powder (100 and 135 g·kg −1 in dry matter, respectively, vs. 765 g·kg −1 in dry matter for lactose). Surface fat area significantly increased when T inlet , T outlet , T droplet , ∆T droplet and RDK increased. It was not affected by ∆T air . Surface protein area varied conversely; it significantly decreased when T inlet , T outlet and T droplet increased. It was not affected by ∆T air , ∆T droplet and RDK. Surface lactose was not affected by spraydrying conditions. This result is consistent 1 Significance: NS, not significant, *P < 0.1; **P < 0.05; ***P < 0.001. 2 ΔT air = T inlet − T outlet . 3 Theoretical wet temperature of the drying droplet, calculated from the enthalpic diagram for an absolute humidity of 1 g·kg −1 of water in dry air. 4 ΔT droplet = T outlet -T droplet . 5 RDK = ΔT droplet /maximum ΔT droplet . 6 Volume-weighed diameter d 43 in the rehydrated powders.
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with the non-surface-active property of lactose. Surface fat was further investigated by measuring the surface composition of powder particles after free fat extraction with petroleum ether. Only fat droplets were assumed to be measured by XPS after free fat removal, and the difference was attribu t e dt os u r f a c ef r e ef a t . Figure 1 shows a significant decrease in surface fat after free fat extraction (P < 0.01). On average, surface fat was composed of half free fat and half fat droplets. Surface free fat tended to increase when ∆T droplet and RDK increased (Tab. II). Surface fat droplets tended to increase when ∆T air increased. It means that fat tended to accumulate at the surface of drying droplets, when drying air temperatures were high and drying kinetics were fast.
Surfacefreefathadfirstly been quantified by Kim et al. [21] , after a quick washing with petroleum ether. However, in this study, XPS was favored to indirectly characterize surface free fat in situ, in the powder. It was a more accurate method to detect small amounts of surface free fat, provided powder particles in aggregates did not tend to be individualized after free fat removal [37] .
Fat droplet size is not affected by drying air temperatures and kinetics
Fat droplet sizes were compared before and after spray drying using laser light scattering, in order to detect possible dissimilarities related to spray-drying conditions. In our protocol for fat droplet size measurements in rehydrated powders, sampling was realized under the potential free fat layer, in order to avoid the presence of non-globular fat in the circulating cell [37] .
The size distribution of fat droplets was bimodal in both emulsions and rehydrated powders, for measurements in water with EDTA to dissociate casein micelles ( Fig. 2A) . Their diameter ranged from 0.036 to 2.8 μm. The first mode was centered on 0.24 μm and the second mode on 0.49 μm. Figure 2B supports the likeness of size distribution between the initial emulsion and a rehydrated powder. Size distributions and modes were similar in the emulsions and rehydrated powders in water with SDS and EDTA (Fig. 2C) .
The d 43 value was used in order to detect more accurately differences between the samples (white squares in Fig. 2D ). Indeed, Fig. 2D ). Fat droplet sizes below 1 μm are known to favor emulsion stability and enhance fat retention, as determined in previous studies [32, 39] . It means that 90% of the total volume of fat droplets were fat droplets smaller than the critical size. As a consequence, despite their bimodal size distribution, fat droplets were assumed to be stable in size through the process, when considering the fraction of globular fat in the rehydrated powders.
These observations had two consequences. Firstly, there was no aggregation of fat droplets in the initial emulsions, i.e. individualized fat droplets underwent spray drying. Secondly, spraying with spray nozzle and spray drying did not lead to coalescence nor aggregation between fat droplets, whatever the tested drying air temperatures and kinetics. In statistical terms, fat droplet size and fat droplet aggregation were not significantly affected by spray-drying parameters (Tab. II).
Interestingly, size distribution of fat droplets was not significantly affected by the tested feeding rates (which varied to adjust the T outlet ). Shearing forces may have been different with 1.8 vs. 3 kg·h the spray-drying chamber. The Reynolds number indicated that the flow was laminar in both cases; then, the shearing forces increased proportionally to the feeding rate.
Shearing forces are known to affect fat droplet size [40] . However, in our experiments, they were probably too weak to further disrupt the very small fat droplets.
Microstructural observations of fat in powder particles
The supramolecular structure of fat was characterized with CLSM in situ in the powder particles. Qualitative differences in fat supramolecular structure were expected in relation to the spray-drying conditions, given the above-mentioned quantitative results.
Micrographs are presented for the powders dried at extreme T inlet ,suchas18 0and 255°C, because T inlet was found to be the most significant spray-drying parameter. It corresponds to a ∆T droplet of 35 and 52°C, and an RDK of 58% and 87%, respectively. In other words, the second powder is supposed to be dried 1.5 times faster than the first powder.
Fat was located both at the surface and the inner parts of the powder particles, as small fat droplets encapsulated in a protein matrix (Figs. 3A and 3B) . No free fat layer nor patches were observed probably because their size was too small to be detected by CLSM as already noticed in one of our previous studies [37] . No lactose crystals were observed by phase contrast.
Large vacuoles (V) were present inside the powder particles.
Fat and protein were not homogeneously distributed at the surface of powder particles: protein was the main component (white arrows). This observation supports the XPS measurements. Moreover, fat and protein were not homogeneously distributed within the powder particles too, in the powder dried with the lower T inlet .
These observations indicate a redistribution of components during spray drying. It concerns the surface of power particles and also their inside parts when T inlet is low.
Interestingly, a few particles underwent more shrinkage when T inlet was low (empty arrows in Fig. 3A) . The formation of surface indentations has been attributed to shrinkage of casein and uneven drying of powder particles at early stages of spray drying [6, 32] , and to the presence of high levels of protein [8] . Our XPS measurements are consistent with this last statement.
Shrinkage may cause dramatic changes in fat supramolecular structure, both at the surface and within the powder particle. It is consistent with the higher free fat contents found in these powders. In the case of surface composition, it is worth wondering to what extent XPS is a relevant method. Indeed, the analyzed area is assumed to be flat and the emission angle of photoelectrons is assumed to be perpendicular to the powder sample. The curved surface of powder particles is known to vary the emission angle of photoelectrons and decrease the analysis depth [4, 11] , even if the analysis depth (about 10 nm) is negligible compared to the analyzed area (ellipsis of 300 μm wide by 700 μm long). An irregular surface would affect the XPS measurements.
Proposed mechanisms
Fat supramolecular structure in fat-filled dairy powders largely depends on spray-drying conditions. This section provides selected clues about the possible mechanisms.
In the present study, the inlet air temperature was corrected by considering the estimated energetic losses. Moreover, the feeding rate to the spray-drying chamber was controlled, a larger range of drying conditions was tested and a spray nozzle was used instead of a centrifugal atomizer in the studybyKimetal. [24] . The emulsion was prepared with sunflower oil which was liquid during all the processing steps because of its low melting point (about 5°C). This mobile fluid state was favored in order to (i) maximize oil leakage onto the surface of powder particles, as suggested for milk fat by Fäldt and Bergenståhl [9] and Nijdam and Langrish [30] , and (ii) avoid the mechanical damage of fat droplets which is usually associated with the presence of fat crystals [40] . Fat droplet size, free fat and surface fat were characterized both after sample preparation and in situ.
Free fat was detected in all the powders, whatever the spray-drying conditions. What are the mechanisms underlying free fat creation?
The hypothesis is the main formation of free fat during spray drying and little during storage, given that it was detected only 48 h after the manufacture of the powders. However, it was detected by the solvent extraction method only, neither by laser light scattering nor by confocal microscopy. As explained before, fat droplet size measurements only concerned the fraction of globular fat in the rehydrated powders. A top free fat layer could be expected when rehydrating the samples. It was not observed because of the very small amount of free fat, i.e.~0.002 g·kg −1 in the rehydrated powders (for a total solids content of 200 g·kg −1 ). Nevertheless, if the fraction of globular fat was not significantly affected by spray-drying temperatures, a small fraction could have been destabilized and led to the creation of free fat. Moreover, the resolution of CLSM did not reveal the presence of free fat: the hypothesis is that the surfacefreefatlayeristoothinandthefree fat patches too small to be detected by this technique.
Free fat could originate from a physical damage due to the physical state of components in the drying droplet, namely fat and lactose crystals. T droplet ranged from 45 to 53°C, i.e. above the final melting point of sunflower oil (about 5°C): no fat crystals were present during drying. Moreover, drying kinetics were too fast and the initial lactose content was too low (153 g·kg −1 in the emulsion to dry) to allow the creation of lactose crystals in the drying droplet. Fat droplet size was very small all along the process: fat droplets were unlikely to break out during drying, under the combined effect of air temperature and pressure. However, T inlet had a significant influence on the free fat content. This finding suggests a fast dry crust formation at the boundary parts of the powder particles when T inlet is high. Hence, there would be less time for fat migration and collision of fat droplets during drying, which would prevent the disruption and coalescence of fat droplets. Free fat quantification supports this hypothesis, not surface free fat evaluation because another mechanism was involved in this 296 M.-L. Vignolles et al.
case (discussed later in this section). Kim et al. [24] had previously made this hypothesis with different spray-drying conditions: drying air temperatures corresponding to our lower T inlet and T outlet (even if not corrected by energy losses), smaller feeding rate (not considered as a parameter of influence) and centrifugal atomizer.
Fat and protein were overrepresented at the surface of powder particles, whatever the spray-drying conditions. What are the mechanisms underlying the formation of the surface composition?
When the preparation is sprayed through spray nozzle, protein tends to diffuse and accumulate at the air-drying droplet interface [40] . More details can be found in the thorough review by Jayasundera et al. [16] . Nijdam and Langrish [30] showed that protein accumulates at the surface of the drying droplet at the expense of lactose during spray drying. On the other hand, the authors postulated that higher air temperatures accelerate the formation of a surface skin, which hinders the migration of surface-active protein toward the surface. Hence, with high T inlet , less redistribution of protein was observed at the surface of our powder samples; nevertheless, surface protein was high and resulted in a surface composition not similar to the bulk one, as it could be expected.
Overrepresentation of fat has been already observed and attributed to a slower migration of free fat and the large fat droplets toward the interior of the drying droplet while water vaporizes [20] . If the formation of the dry crust is fast, there would be more fat at the surface of powder particles. This is the case in our powder samples, for both surface free fat and surface fat droplets. Moreover, Hogan et al. [15] showed that the presence of fat at the drying droplet surface could hinder the crust or skin formation. However, it did not seem to be the main phenomenon implied for our powder samples.
The shrinkage of a few particles, when T inlet is low, indicates that the surface skin remained moist and supple for longer so that the hollow particle can deflate and shriv e la si tc o o l e d [ 24, 30] . This finding also supports the greater component redistribution observed in our powder samples with low T inlet .
Hence, the most reliable hypothesis is a redistribution of components at the early stage of spray drying, i.e. before the formation of a dry crust or skin at the surface of powder particles, which would determine fat supramolecular structure in fat-filled dairy powders. Figure 4 is a schematic representation of the above-discussed mechanisms. It was completed by the powder physical properties usually attributed to these fat supramolecular structures, in the literature and in our previous works [39] .
CONCLUSION
Fat supramolecular structure in fat-filled dairy powders was significantly affected by spray-drying conditions. The free fat content decreases with increasing drying air temperatures. Surface fat increases with increasing drying air temperatures and faster kinetics. Only fat droplet size was not affected by spray-drying conditions: the small fat droplets were stable in size through the process with the tested parameters.
Inlet air temperature and consequently temperature of the drying droplet had the most significant influence. Hence, we proposed a possible mechanism where the formation of fat supramolecular structure in fat-filled dairy powders was attributed to a redistribution of components at the early stage of spray drying. The involved mechanisms would be mainly the diffusion of surface-active protein to the air-drying droplet interface and the formation of a dry crust or skin at the surface of powder particles. This study highlights the importance of studying drying air temperatures and kinetics to elucidate the mechanisms of free fat formation and the presence of fat at the surface of powder particles.
From a reverse point of view, the proposed mechanisms can be used as a tool to adjust spray-drying temperatures and kinetics, in order to obtain well-characterized structures of fat. As an example, this study shows that middle range inlet air temperature should be optimal in order to limit both free and surface fat. Furthermore, controlling the structure of fat using spray-drying conditions is essential to direct powder physical properties such as rehydration, flowability and oxidative stability. Further investigations could include the study of a different oil (composition: fatty acids, amphiphilic molecules and crystallization properties) and the evolution of fat supramolecular structure during storage.
